The structure and function of the atrioventricular conducting system of the heart, and its relationship to the myocardium, are examined from a developmental point of view. On the basis of information derived from electron micrographic, electrophysiologic, and developmental studies of heart tissue, it is concluded that: (1) The idea of the syncytial nature of the heart lacks a sound anatoimic basis. (2) Cytodifferentiation during embryonic cardiogenesis results in the development of at least 2 distinct populations of cells: those comprising the bulk of the myocardium and a second type, the specialized cells of the conductive tissue, which differs in histology, biochemistry, and physiology. (3) T HE DEVELOPMENTAL physiologist is interested, not only in the changing functions and interrelationships of organs and tissues in the embryo, he is also concerned with the application of information and concepts obtained from the fields of developmental biology to problems of adult physiology. The problem of the structure and function of the atrioventricular conducting system of the heart is particularly interesting when examined from a developmental point of view.
T HE DEVELOPMENTAL physiologist is interested, not only in the changing functions and interrelationships of organs and tissues in the embryo, he is also concerned with the application of information and concepts obtained from the fields of developmental biology to problems of adult physiology. The problem of the structure and function of the atrioventricular conducting system of the heart is particularly interesting when examined from a developmental point of view.
In the early embryonic heart, the endocardium and epicardium are separated by a thick gelatinous layer, the "cardiac jelly. "1 Distributed through this matrix are mesenchymal cardiac myoblasts, from which the bulk of the myocardium and, presumably, the conductive tissue will form. As the myoblasts begin to differentiate, taking on the characteristics typical of heart muscle, the conducting tissue becomes progressively more easily distinguishable. This divergence may be interpreted in two ways. One is that it results from the simultaneous development of the conductive system and myocardium along dissimilar paths of differentiation. It is often stated, however, that conductive tissue is only "specialized" myocardium in which certain properties, for example conductivity and spontaneity, are exaggerated.2 Authors tak- ing this position usually note that these properties are "embryonic" in character. Thus, the second possibility is implied: that the two tissues are basically similar during embryogenesis, differentiating along the same route, but at different rates. At any given stage of development, the conductive system should then be less highly differentiated than the surrounding myocardium, but should not exhibit any qualitatively different characteristics. We find ourselves concerned, then, with the degree of difference between myoeardium and conductive tissue. Are fibers of these two types characterized by distinct histologic, cytologic, and biochemical properties'? Do such differences underlie clear-cut physiologic differences of more than a quantitative nature? Do myocardial and conductive fibers, in fact, constitute two different tissues?
I shall examine these questions by drawing upon the literature concerning the physiology and development of the heart of various mammals, and of the chick embryo. Numerous investigators have noted the basic similarities in cardiac development of these forms.
Histodifferentiation
During the early period of cardiogenesis, curvature and differential growth change the heart from a primitive straight tube to a complex S-shaped organ in which the four DIFFERENTIATION OF THE A-V CONDUCTING SYSTEM 1). The beat is initiated at the posterior end of the heart. As the primordial atrioventricular (A-V), atrial, and sinoatrial (S-A) regions progressively form, each of them, in turn, takes over the pacemaker function, initiating the beat for the entire heart. At these early stages the primordial atrial and ventricular muscle are in direct continuity around the entire circumference of the A-V canal. A stimulus arising in the sinoatrial region should be able to spread throughout the heart, freely to all areas. That this is true has been demonstrated by Patten3 who cut away all of the tissue around the A-V canal of a 4-day chick heart except for a narrow connecting strand ( fig. 2) .* This strand then served as an "artificial bundle" to conduct the sinoatrial rhythm to the ventricles. He found that it made no difference whether the connecting strand was left at the site where the normal bundle would later develop (marked with an asterisk in fig. 2 ), or whether the strand was left on the opposite wall of the heart.
During the fifth and sixth weeks of human development, endocardial and epicardial connective tissue gradually encroaches on the myocardium at the A-V sulcus and invades this connecting zone. The separation of the atria and ventricles is ultimately completed all the way around the sulcus, as the primordial fibrous skeleton of the heart is formed. However, early in the sixth week of development (9 to 10 mm. human embryo), a compact cluster of cells makes its appearance in the posterior wall of the A-V canal, toward its right side.4 This is the A-V node, in cellular continuity with the atrial muscle above and narrowing into the A-V bundle below. The bundle runs across the top of the thick interventricular septum, behind and under the dorsal endocardial cushion ( fig. 3t) Early stages in cardiac morphogenesis. In the chick the stages illustrated would be at about (A) 36 hours, (B), 46 hours, (C) 52 4 ). As they approach the apex of the heart, both the left and right bundle branches ramify into progressively smaller groups of fibers with much interlacing and "anastomosis. "5, 6 The cells of the branches, proximally, are similar histologically to those of the bundle itself, which in turn resemble nodal cells. As DEHAAN Figure 2 Heart of a 4- "Cardiac muscle tissue is found only in the heart and surrounding the mouths of the great veins which enter it. In some ways it resembles both voluntary and smooth muscle, yet in its rhythmic, unceasing activity from early embryonic life until death, it stands alone." (p. 52).
And, in his chapter in Fulton's Physiology, Nahum2 calls our attention to the fact:
" that all parts of the musculature of the heart are inherently capable of autogenic rhythmic discharge, and that the normal sequence of excitation is made possible only because the sinoatrial node possesses this capacity in a higher degree than any other region. " (p. 672).
Thus we are told that the properties of cardiac muscle distinguish it clearly from other types of muscle, and also that heart muscle consists of a basically homogeneous population of fibers, all having essentially the same properties, showing only certain minor differences in degree in different regions.
The idea of the heart as a syncytium of fibers in cytoplasmic continuity tends to foster this concept of homogeneity. 17, 20 of their histologic appearance and their strong reaction with silver nitrate (known to stain cell membranes), but also because of the tendency of macerated heart muscle to fragment along the intercalated discs. Later, Ranvier24 also described mammalian myocardium as being composed of individual rhomboidal branching cells with centrally placed nuclei.
It was not until after the turn of the century that Heidenhain25 and Godlewski26 independently enunciated clearly the hypothesis that the heart was syncytial in nature. These workers felt that the discs represented either contraction artifacts or The controversy over syncytium versus cells recurred periodically in the literature of the first half of this century, as some microscopists continued to make observations corroborating the earlier cell view.29 However, most investigators during this period gradually tended to accept the syncytial hypothesis and even extended it to the conductive tissue. 30 Especially important in this trend toward the idea of a cardiac syncytium were the early demonstrations of the "all-or-none" response of heart tissue by Bowditch,3' Woodworth,32 and others. It was felt that this finding could best be explained on the basis of protoplasmic continuity between all cardiac fibers. During the last decade, also, confirmatory electrophysiologic evidence has been obtained. In 1951, Curtis and Travis33 reported that bundles of Purkinje fibers in the false tendon of the ox heart responded to electric stimulation in an all-or-none manner, that is, the demarcation potential, measured between the cut end and the surface, remained at con- stant amplitude with varying strengths of suprathreshold stimuli. Thus the fibers appeared to behave syncytially. This was further supported by measurements of specific core resistance of Purkinje fibers by Weidmann.34 He showed that, although the resistance of the cylindrical membrane surrounding a fiber was of the same order as that of muscle or nerve, the core resistance (i.e., the longitudinal internal resistance) was not appreciably higher than that of the sarcoplasm. He concluded that the intercalated discs do not form a significant barrier to ionic movement along the length of the fiber.
In spite of the evidence of homogeneity (and even identity) of all fibers, Thomas Lewis (1925) , after some 20 years of pioneering work in cardiac electrophysiology, proposed his "law of cardiac muscle.''35 In this statement, he noted that there are different kinds of heart cells: those characteristic of myocardium, and typical Purkinje fibers. Because of the prevailing opinions, this idea was not strongly favored, and few references to it appear in recent decades.
In the last few years, however, since electron microscopy has been applied to this problem, it has been shown repeatedly and without exception that the idea of a cardiac syncytium lacks a sound anatomic basis. Perhaps a dozen electron microscopists, using ever more sophisticated technics, have found that the intercalated disc does consist of a pair of apposed cell membranes, covered with densely staining granules. The myofibrils do not cross the intercalated discs, nor is there any other evidence for any kind of protoplasmic continuity across the membranes. Each elongate cell of a myocardial fiber is consistently observed to be surrounded by an intact plasma membrane (for recent review of evidence see 36). This is true in both myocardium and conductive tissue.9' 12 Moreover, the pattern of development of the intercalated discs in cardiac myoblasts, at the sites where the myofibrils are interrupted by cell membranes, also supports the idea of a cellular structure.10' 13 Thus, neither in the embryo nor in the adult heart; neither in myocardium of cold-blooded37 or warmblooded vertebrates; nor in nodal or conductive tissue is there a satisfactory anatomic basis for the notion of syncytial structure.
A Functional Syncytium?
The studies of Curtis and Travis33 and of Weidmann34 noted above, led to the use of the concept of heart tissue as a "functional syncytium. " By this it is implied that even though cardiac fibers do not, in fact, exhibit protoplasmic continuity, under certain conditions they behave as if they did. For to cells of the conduction system in hearts of the human, dog, cat, guinea pig, rabbit, rat, sheep, and cow. Only in the rabbit were equivocal results obtained, in which scattered cells in the myocardium exhibited esterase activity that was nonspecific in its substrate specificity, but was inhibited by eserine (1 of the criteria for specific cholinesterases). In the other species mentioned, specific cholinesterase was limited to cells of the conduction system ( fig. 7*) .
The second enzymatic activity seen exclusively in conductive tissue is that responsible for a phenomenon termed "aberrant lipogenesis, " eceessary to include in a strip if it was to beat spontaneously are the regions from wh-Iichl pacemaker prepotentials have been recorded; namely, the interatrial septumn, the erista terminalis, the entrance of the superior vena cava, and the S-A ring bundle. 43 63 Evidence that spontaneity is limited to a portion of the cells of the heart arises also from observations made on such cells in tissue culture. Cavanaugh64 disaggregated 4 spontaneously and do exhibit slow diastolic depolarization.38 Thus, pacemaker activity in ventricular cells may be lost or suppressed (lurimg development of the intact heart but muay be regained by at least some cells when isolated and subjected to culture conditions. In adult heart, lhowever, spontaneity does appear to reside exclusively in those cells that, have differentiated into components of the conduction system. This argument has gained substantial strength from the recent observations of Draper and Alya-tu.57 These investigators confirmed the findings of many others68 by slhowingr that muscle slips or papillary muscles from various mammalian hearts, maintained in vitro, are frequently not sponltaneously active. IHowever, they also noted that when such spontaneity is displayed, it "can always be traced to the presence of Purkinje tissue in the sample'" (p. 107,57).
For example, ill one group of 18 ventricular muscle slips, 9 did not beat spontaneously, DEHAAN yet all responded vigorously to external stimulation for many hours and showed normal resting and action potentials. These muscle slips were serially sectioned for histologic examination. Those that had not beat spontaneously showed no evidence of Purkinje tissue, while specialized fibers were found in all those that were active. Thus, we may conclude that in adult heart, if conductive cells are present to initiate an impulse (and possibly a critical number is required), we see " spontaneous" activity. Without these cells the heart muscle, though healthy and completely responsive, remains quiescent. Conclusions When information obtained from studies of the structural, chemical, and functional properties of the A-V conducting system of the adult and embryonic heart is considered, different conclusions may be drawn than those arrived at by a purely physiologic approach.
Though not yet firmly established by decisive experiments, these conclusions appear to be reasonable in view of the evidence presented. They may be stated as follows: (1) Cellular differentiation during embryonic development of the heart leads to the presence of 2 distinct populations of cells: typical myocardial cells, comprising the bulk of the musculature of the heart, and the specialized cells of the conductive tissue. (2) Although cells of the conductive system do exhibit certain of the properties of embryonic myocardium, the two tissues in the adult may be distinguished by characteristic and unique properties, at the histologic, biochemical, and physiologic levels of investigation. ( 3) The differentiation of pacemaker function occurs very early in cardiac development. Within hours after initiation of the beat, and perhaps earlier, cells of the ventricle do not originate their own beat but are stimulated by other cells functioning as pacemakers. (4) In the adult heart, myocardial cells appear to be completely quiescent until stimulated by an extrinsic source. Under normal circumstances, this stimulus source is a pacemaker cell (or cells) of the S-A node, or some other part of the conduction system.
